Abstract -Electronic and optoelectronic devices based on thin films of carbon nanotubes are currently limited by the presence of metallic nanotubes. Here we present a novel approach based on nanotube alkyl functionalization to physically remove the metallic nanotubes from such network devices. The process relies on preferential thermal desorption of the alkyls from the semiconducting nanotubes and the subsequent dissolution and selective removal of the metallic nanotubes in chloroform. The approach is versatile and is applied to devices post-fabrication.
Introduction
For two decades, carbon nanotubes (CNTs) have been explored for a variety of electronic and optoelectronic applications [1] . Recently, devices based on thin films of CNTs [2] have received much interest due to their higher currents and larger light collection or emission areas compared to those based on individual CNTs. However, current CNT thin film devices are composed of both semiconducting and metallic CNTs due to the inability to selectively synthesize CNTs of a given electronic type. Because most electronic and optoelectronic applications rely on semiconducting behavior, the presence of metallic CNTs hinders CNT device development, and physically eliminating or quenching metallic CNTs from networks or arrays remains an important challenge.
Previous efforts in this direction have focused on solution-based separation of nanotubes by electronic type prior to device fabrication [3, 4, 5, 6, 7] or processing of the CNT network after device fabrication. These post-fabrication approaches include Joule heating to burn the metallic CNTs [8] , the conversion of metallic CNTs to semiconductors using light irradiation [9] , electron beam irradiation [10] , and plasma treatment [11, 12] , or CNT functionalization with a diazonium reagent to suppress the conductivity of the metallic CNTs [13, 14, 15, 16] . These approaches often lead to degradation of the device performance due, for example, to the introduction of defects in the remaining CNTs.
In this work, we present an approach where the metallic CNTs are physically removed from the network [17] without degrading the device performance. This is accomplished by utilizing recent advances in CNT surface functionalization [18, 19, 20] to demonstrate a method to selectively and physically remove metallic CNTs directly from network devices. The method relies on the preferential thermal desorption of alkyl groups from semiconducting CNTs, and the good solubility of the remaining functionalized metallic CNTs in chloroform, allowing them to be selectively removed. The method is shown to be applicable to devices after fabrication on wafers, including in the presence of electrical contacts. The experimental results are supported by modeling of the nanotube functionalization, the impact on the CNT conductance, and the thermal desorption.
Experimental details

CNT functionalization
The CNTs used in this work were grown using the HiPCo process using low catalyst amounts, resulting in material containing 2/3 semiconducting CNTs and 1/3 metallic CNTs.
Functionalization reactions were achieved as described previously [18, 19] . In brief, addition of either lithium or sodium to a dispersion of CNT bundles in liquid ammonia leads to a debundled CNT salt that serves as a source of electrons. Then, alkyl iodide is reacted with the CNT salt to yield radical anions. The transient radical anions dissociate rapidly to provide dodecyl radicals that form covalent bonds to the sidewalls of the CNT. These reactions are outlined below:
Device fabrication
Once functionalized, the CNTs were suspended in hexane, and then dispersed in chloroform by bath sonication for 10min. CNT network devices were fabricated by spincasting the CNTs dispersed in chloroform onto 90nm SiO 2 /Si substrates with pre-patterned electrodes at 2000rpm for 30s. The electrodes of spacing ~1µm and width 20µm were patterned using photolithography with a bilayer of liftoff resist and Shipley 1805 photoresist. chloroform were first annealed to the desired temperature, and then placed in a chloroform bath for ~45s with gentle agitation, followed by additional chloroform rinsing.
Atomic force microscopy and image analysis
Atomic force microscopy (AFM) height and amplitude images were taken using a Digital
Instruments Dimension 3000 AFM (Veeco). For statistical analysis of the networks 10µm x 10 µm scans were acquired, and the height images were flattened and corrected for periodic noise from the scan lines. SIMAGIS image analysis software was used to measure the CNT density and length distribution from the combined height and amplitude images using the CNT/Nanotechnology module.
Ab inito calculations
We used a dispersion-corrected PBE-D functional, which is designed specifically for binding energies. Structural optimizations for all alkylated systems were carried out with spinpolarized, projected-augmented-wave potentials in conjunction with a 350 eV plane-wave cutoff.
Since the alkyl molecules are over 6 times longer than both the (6,6) and (10,0) CNT unit cells, a large supercell of 17.1 Å along the nanotube axis was chosen to allow separation between adjacent alkyl groups and to match the coverage extracted from analysis of the TGA data as discussed below. To prevent spurious interactions between the alkylated CNTs themselves (which arise from 3D periodic boundary conditions), all structural optimizations were carried out with 50 Å of distance between the walls of neighboring CNTs. Due to the large cell, a k-point sampling of 12 x 1 x 1 was used for the Brillouin zone sampling.
To compute the CNT conductance from the DFT calculations, the method from Ref. 21 was utilized [21] . The bandstructure is computed on a fine 32x1x1 mesh in the Brillouin zone along the direction corresponding to the CNT axis. Reduced supercell models with one alkyl group per unit cell (shown in the atomic model insets of Figure 4 ) are used to make the calculation computationally tractable. The conductance is calculated from 
Results and Discussions
Thermal conversion of CNT networks
An AFM image of alkylated CNTs spincast on a blank SiO 2 /Si substrate is shown in °C. The mass loss observed is due to desorption of alkyl groups as previously confirmed by mass spectrometry [18, 19] . Results similar to those in Figure 1 were obtained when the CNTs were alkylated using sodium. Raman spectra comparing the pristine (unfunctionalized) CNTs both to the as-functionalized CNTs and to the functionalized CNTs that have been annealed (defunctionalized) are compared in [19] . The Raman spectra show that by annealing the functionalized CNTs to 800 °C (i.e. de-functionalizing) results in the recovery of the pristine CNT behavior [19] . Similarly, Raman spectra presented here (see Supplementary Data Figure   S1 ) confirms that annealing the functionalized CNTs to 500 °C also results in the recovery of pristine behavior.
CNT network transistors were fabricated by spincasting the functionalized CNTs dispersed in chloroform onto SiO 2 /Si substrates with pre-patterned electrodes. The transfer characteristics of a representative network device as-deposited (i.e. not annealed) and for two different annealing temperatures is shown in Figure 2 , with an AFM image of the device shown in the inset. The current in the as-deposited CNT network is low due to the heavy alkylation of both the metallic and semiconducting CNTs. This electrical behavior is exhibited after annealing in the temperature range 25 °C < T < 125 °C, denoted "I" on the TGA plot of Fig. 1 . This is consistent with previous reports in the literature showing current suppression as a result of surface functionalization [13, 14, 15] and will be discussed in detail later. After annealing the device at 160 °C, the ON current increases while the OFF current remains relatively unchanged and the network device exhibits semiconducting behavior with an I ON /I OFF ratio of >100. This semiconducting behavior is observed after annealing in the temperature range 125 °C < T < 210 °C, denoted "II" in Fig. 1 , corresponding to the onset of mass loss with increasing temperature, with the greatest I ON /I OFF observed near the middle of this temperature range at ~160 °C.
Upon annealing to higher temperatures, the ON current continues to increase, while the OFF current increases dramatically and the device becomes metallic with an I ON /I OFF ratio of <10. This anneal temperature regime corresponding to metallic behavior, T > 210 °C, is indicated by "III" on the TGA plot, starting near the maximum change in weight % with temperature and continuing thereafter. Applying a larger gate bias does not result in a conductance decrease (i.e. the devices do not turn off), indicating that the network truly exhibits metallic behavior as opposed to merely a threshold voltage shift. The TGA and electrical results are generally in good agreement with minor differences attributed to differences in heating conditions.
Next, the behavior of individual alkylated metallic CNTs was measured to identify the impact of functionalization on their electrical behavior. The behavior of one such metallic CNT device is shown in Figure 3 , showing transfer characteristics as a function of increasing anneal temperature. For the as-deposited (not annealed) CNT, the current is very low (~100pA), similar to the behavior observed in the as-deposited networks. The 100-160 o C annealed current is similar to the OFF current of the semiconducting network transfer characteristic shown in Figure   2 , suggesting that the current through the alkylated metallic CNTs determines the OFF current.
As the metallic single-CNT device is annealed to higher temperatures, the current increases with little change in the gate response. This suggests that 1) the alkylation quenches metallic CNT current by a conductivity reduction mechanism, and 2) the degree of alkylation, controlled by anneal temperature, determines the conductivity. These conclusions are consistent with the previous findings [13, 14, 15] where a similar ON-current suppression mechanism was observed,
with the degree of current suppression proportional to the extent of surface functionalization.
However, in these previous works, the extent of surface functionalization was controlled by the concentration of diazonium regent applied to the network post-assembly, while here it is controlled by the extent of the initial alkylation and subsequent desorption upon heating.
Because both approaches lead to similar behavior, the alkyl group molecules at CNT-CNT junctions or CNT-metal contacts likely do not play a major role in governing the network electrical behavior.
Ab-initio modeling of the functionalized CNTs
We used Density Functional Theory (DFT) calculations to support the hypothesis that functionalization reduces the conductivity. Electronic structure calculations were carried out for a variety of alkylated configurations and spin polarizations (14 different configurations in total), chosen based on the lowest-energy structures of covalently-functionalized CNTs investigated in recent studies [22, 23] . Our calculations indicate that configurations corresponding to alkyl adsorbates located at different sublattices give the lowest energy for both the (6,6) and (10, 0) nanotube. For these particular lowest-energy configurations, all the nonmagnetic, ferrimagnetic, This is consistent with the literature, which generally reports that greater surface functionalization is required to suppress the ON current of semiconducting CNTs [14] . We expect that a higher density of functionalization and random spatial distribution of molecules would further reduce the conductivity, leading to the low conductivity observed for the asdeposited devices, and the lack of an observable gate dependence. In addition, the networks typically require low temperature annealing (125-210 °C) to exhibit reasonable ON currents and semiconducting behavior, suggesting that the initial alkylation is heavy enough to reduce the semiconducting CNT ON current as well.
Modeling of the thermal desorption
The conversion of the CNT network devices from poorly conducting to semiconducting and then to metallic could arise if the semiconducting CNTs start to de-alkylate at lower temperatures compared to the metallic CNTs, or if the metallic CNTs are more heavily functionalized initially. To discriminate between the two mechanisms, we consider the TGA data of Figure 1 in more detail. Figure 5a shows the derivative of the mass fraction versus temperature obtained from Figure 1 , indicating that desorption in this temperature range occurs mainly at temperatures of 200 °C and 400 °C. Previous measurements [18, 19] on this type of functionalized nanotubes have shown that both of these peaks correspond to mass loss from alkyl chains.
To model the TGA data, we assume first order kinetics for the coverage of molecules θ on the nanotube surface 
where t is time, ν is the attempt frequency, T is the temperature, and des E is the desorption energy. We focus on the portion of the TGA curve obtained under a constant temperature ramp rate, i.e. To relate these results to the network FET annealing experiments, the coverage from each of the three peaks was calculated after annealing for 20 minutes at constant temperature, using the parameters extracted from the TGA fit. Figure 5c shows that over the temperature range of region II, no desorption occurs corresponding to peak 3, indicating that this desorption process does not play a role in converting the network electrical properties. In contrast, the coverages corresponding to peaks 1 and 2 change significantly between 100 °C and 200 °C, with the coverage corresponding to peak 2 starting at a larger value and dropping at a lower rate than peak 1. These results correlate well with the electrical data, and suggest that peaks 1 and 2 are due to the functionalization of the semiconducting and metallic CNTs, respectively. Taken together, the experimental and modeling results point to a higher initial functionalization of the metallic CNTs, and a preferential thermal desorption of the semiconducting CNTs in region II.
Physical removal of metallic CNTs
While the above results indicate that annealing can be used to control the degree of functionalization and the electrical behavior of the CNT network devices, a more robust approach is one where the metallic CNTs can be physically removed from the networks. We demonstrate such an approach by utilizing alkylation and annealing in combination with the fact that more heavily alkylated CNTs have greater solubility in chloroform, to remove metallic CNTs directly from network devices. As previously discussed, the metallic CNTs retain or partially retain their surface functionalization to higher anneal temperatures compared to the semiconducting CNTs. Therefore, by annealing to a temperature just high enough to de-alkylate the semiconducting CNTs, while leaving the metallic CNTs partially alkylated, enables the use of a chloroform bath and rinse to remove the metallic CNTs. Figure 6a shows a schematic of this annealing and chloroform rinse process to eliminate the metallic CNTs. Figure 6b shows an example alkylated CNT network device of similar density to that shown in Figure 2 that was first annealed to 210 °C, then bathed and rinsed in chloroform. The absence of gate modulation but still relatively low ON current after the annealing step indicates that the metallic CNTs have partially de-alkylated at this temperature. Upon rinsing with chloroform, a relatively small drop in ON current is observed, accompanied with a significant drop in OFF current. The large drop in the OFF current indicates that most of the metallic CNTs were removed from the network, due to remaining alkylation that makes them soluble, and thus removable, in chloroform. The result is that the CNT network with an initial I ON /I OFF ratio <10 is turned semiconducting with an I ON /I OFF ratio >10 3 through the physical removal of metallic CNTs. The success rate of this technique is ~81% (17 of 21 devices tested for the conditions described above). It should also be noted that the OFF current is lower compared to the semiconducting network presented in Figure   2 after 160 °C annealing alone, where the metallic CNTs were still present. This is further evidence that the metallic CNTs were effectively removed from the network with the chloroform rinse. Additionally, the semiconducting behavior of the network is preserved with higher temperature annealing, again indicating that the metallic CNTs have been removed. It should also be noted that as higher temperature anneals are used in the first step, it is not possible to obtain the semiconducting behavior of the network with the chloroform rinse. This is consistent with de-alkylation of the metallic CNTs at higher temperature, making them insoluble in chloroform.
To verify that CNT material was removed from the CNT network devices, an analysis of AFM images taken on low density networks before and after the annealing and chloroform rinse was performed. Figure 6c shows an AFM image of a low density of alkylated CNTs dispersed on This reduction in CNT density was found in all samples with similar initial CNT density that had been analyzed, demonstrating that CNTs are being physically removed from the devices. The analysis of networks with higher densities, corresponding to that of Figure 2 and 6b, resulted in an undercounting of CNTs, so only lower limits to the density could be measured. Nonetheless, these lower limits still indicate a reduction in CNT material following the anneal and chloroform rinse.
Finally, experiments were performed to eliminate the possibility that the increased I ON /I OFF ratio in the annealed and chloroform rinsed networks was due to the non-selective removal of CNT material and, therefore, reduction in connecting metallic pathways through the network due to an overall decrease in the network density. CNT network devices with a lower CNT density compared to the post-rinsed network devices used to acquire the data in Figure 6b were fabricated. Upon annealing, these lower density network devices still became metallic (See 
